Abstract Centromere-drive is a process where centromeres compete for transmission through asymmetric ''female'' meiosis for inclusion into the oocyte. In symmetric ''male'' meiosis, all meiotic products form viable germ cells. Therefore, the primary incentive for centromere-drive, a potential transmission bias, is believed to be missing from male meiosis. In this article, we consider whether male meiosis also bears the primary cost of centromere-drive. Because different taxa carry out different combinations of meiotic programs (symmetric ? asymmetric, symmetric only, asymmetric only), it is possible to consider the evolutionary consequences of centromere-drive in the context of these differing systems. Groups with both types of meiosis have large, rapidly evolving centromeric regions, and their centromeric histones (CenH3s) have been shown to evolve under positive selection, suggesting roles as suppressors of centromere-drive. In contrast, taxa with only symmetric male meiosis have shown no evidence of positive selection in their centromeric histones. In this article, we present the first evolutionary analysis of centromeric histones in ciliated protozoans, a group that only undergoes asymmetric ''female'' meiosis. We find no evidence of positive selection acting on CNA1, the CenH3 of Tetrahymena species. Cytological observations of a panel of Tetrahymena species are consistent with dynamic karyotype evolution in this lineage. Our findings suggest that defects in male meiosis, and not mitosis or female meiosis, are the primary selective force behind centromere-drive suppression. Our study raises the possibility that taxa like ciliates, with only female meiosis, may therefore undergo unsuppressed centromere drive.
Introduction
Centromeres serve as attachment points to mitotic and meiotic spindles and mediate the faithful segregation of all eukaryotic chromosomes. While the chromosome segregation apparatus is evolutionarily conserved, centromeric DNA and surrounding heterochromatin are rapidly evolving, and can range in size and complexity over several orders of magnitude. This rapid evolution, in spite of conserved function, has been termed the ''centromere Tetrahymena CNA1 sequences deposited in Genbank: HQ285826-HQ285837.
Electronic supplementary material The online version of this article (doi:10.1007/s00239-011-9449-0) contains supplementary material, which is available to authorized users. paradox'' . We have suggested that ''centromere-drive'' can provide a general explanation for this apparent paradox. Under the ''centromere-drive'' model, centromeres compete via microtubule attachments for preferential transmission in female meiosis in animals and plants, since only one of four meiotic products becomes the egg. This competition confers a selfish advantage to chromosomes that make more microtubule attachments, and can result in runaway expansions of centromeric satellite, and rapid fixations of satellite DNA that are more competitive at recruiting centromeric proteins Malik 2009 ).
While beneficial to the ''driving'' chromosome, centromere-drive, or female meiotic transmission distortion in general, can have deleterious effects on the fitness of an organism. For instance, in human populations, Robertsonian fusions (fusions of acrocentric chromosomes at centromeres) are preferentially transmitted through females (Pardo-Manuel de Villena and Sapienza 2001b), but male carriers of Robertsonian fusions are partially or completely sterile (Daniel 2002) . Similarly, homozygosity for a driving centromeric locus in the plant Mimulus guttatus leads to a reduction in pollen (male gamete) counts (Fishman and Saunders 2008; Fishman and Willis 2005) . Therefore, deleterious consequences of centromere-drive have only been shown so far in male meiosis or gametogenesis. This may be a consequence if there is a strict requirement for balanced meiosis and equitable recruitment of centromeric proteins to produce fertile male gametes. One way to counter such deleterious consequences of ''centromeredrive'' is the evolution of suppressors, acting to restore meiotic parity Malik and Henikoff 2009; Talbert et al. 2008) .
Previous studies of the genes encoding proteins essential for meiosis have revealed that many of them show patterns of positive selection. For instance, in three taxa containing meioses with both symmetric retention of meiotic products (hereafter referred to as male meiosis) and asymmetric retention of meiotic products (hereafter referred to as female meiosis), i.e., Drosophila, primates and plants, centromeric histone (CenH3) genes have been shown to evolve under positive selection (Cooper and Henikoff 2004; Malik and Henikoff 2001; Schueler et al. 2010; Talbert et al. 2002) . These observations of independent episodes of positive selection on genes, which are essential for chromosome segregation in highly diverged lineages, support the hypothesis that they are involved in recurrent genetic conflict. In addition, other centromeric proteins (e.g. CENP-C) as well as heterochromatin proteins that may also bind satellite DNAs and potentially curb centromere-drive , have been found to evolve under positive selection (Axelsson et al. 2010; Talbert et al. 2008; Talbert et al. 2004) . The ''centromeredrive'' model thus provides a simple rationale to explain the complexity of plant and animal centromeres and for the rapid evolution of their centromeric proteins.
Examining taxa that carry out different complements of meiosis (female and/or male meioses) allow us to test the correlation between the meiotic programs and the evolutionary rates of centromeric DNA and proteins (Fig. 1) . For instance, fungi lack female meiosis, such that every meiotic product is viable. Therefore, their centromeres lack the opportunity and impetus to compete against each other. In the absence of this asymmetry, there is no selective advantage, and perhaps a significant disadvantage, for centromeres to get larger because there is no transmission bias to exploit . Thus, the model predicts that in the absence of female meiosis, centromeres should get considerably less complex and evolve toward an optimal evolutionary equilibrium with their cognate CenH3s . Since there is no centromere-drive in this setting, and therefore, no deleterious effects to suppress, CenH3s are not predicted to evolve under positive selection. These predictions appear largely borne out by the patterns of evolution in the sensu stricto group of Saccharomyces budding yeast species (Talbert et al. 2004) , although there remains a high degree of unexplained polymorphism and divergence in centromeric DNA sequences themselves (Bensasson et al. 2008 ).
An important second-facet of the centromere-drive model, evolutionary outcomes in the absence of male meiosis, has not been closely investigated. There are distinct possibilities for the evolution of centromeres and centromeric proteins in taxa with only female meiosis (Fig. 1) . If centromere-drive is primarily, or exclusively, deleterious to the process of male meiosis, its absence could result in severely reduced selective pressure for suppressor alleles to arise, in spite of rampant centromeredrive occurring. Such lineages would evolve complex centromeres because of the competition in female meiosis. However, genes encoding their centromeric proteins would not be subject to positive selection. Alternately, deleterious effects of centromere-drive could have a large impact on additional processes, compelling the rapid evolution of suppressors. Mitosis might be sensitive to centromeredrive, if the driving centromeres could over-recruit a ratelimiting centromeric component away from homologous chromosomes, since centromere recognition and balanced distribution of chromosomes are vital to cell division. In addition, female meiosis itself could be hampered by the ''selfish'' evolution of centromeres for the same reasons. Understanding the evolutionary forces acting on centromeric proteins is a vital part of determining the impact of centromere-drive and how centromere-related factors regulate the fundamental cellular functions of mitosis and meiosis.
Ciliated protozoans like Tetrahymena thermophila provide an opportunity for studying selection on centromeric genes in the absence of male meiosis (Fig. 1 ). Ciliates possess a germline nucleus that undergoes canonical mitosis and meiosis. They also possess a somatic macronucleus that divides amitotically, and is derived from massive deletion and amplification of the micronuclear genome. Most pertinent is the meiotic program of ciliates, in which two mating cells pair and undergo female meiosis in which three of four meiotic products are eliminated, before the surviving meiotic product duplicates and is exchanged between the mating partners (Cervantes et al. 2006) . All meiosis in ciliated protozoans is therefore ''female''. Such meiosis provides a substrate for centromere-drive and a system to ascertain the selective pressures shaping the evolution of genes encoding their centromeric proteins in the absence of male meiosis. We, and others have previously identified and characterized the Cna1p centromeric histone in Tetrahymena thermophila (Cervantes et al. 2006; Cui and Gorovsky 2006) . CNA1 is essential for both mitotic and meiotic segregation, and its evolution provides a key point of comparison of the selective pressures and rates of evolution affecting CenH3 genes in different taxa.
In this article, we report evolutionary and cytological analyses of the centromeric histone CNA1 gene from a panel of related Tetrahymena species. In contrast to CenH3s from plants and mammals, we find no compelling evidence for positive selection in ciliates. Our findings are consistent with a model in which the absence of male meiosis removes the need to suppress centromere-drive, thus allowing centromeres to compete unchecked.
Materials and Methods

Strains
Tetrahymena species cultures were obtained from the American Type Culture Collection (ATCC) except for the following species: T. malaccensis, T. borealis, T. pigmentosa, T. hegewishii (gift from Peter Bruns lab) (Coyne and Yao 1996) , T. vorax (gift from Dr. Howard Buhse), and T. mobilis (gift from Dr. Denis Lynn). DNA samples from 10 additional strains of T. thermophila were obtained (gift from Dr. Paul Doerder). All strains and their ATCC accession numbers are listed in Supplementary material Table S1 .
Genomic DNA Isolation
Cultures were grown overnight in SPP media to saturation, lysates were prepared, and DNA phenol/chloroform extracted as previously described (Gaertig et al. 1993 ).
PCR
We obtained genomic DNA from these species, and PCR amplified and sequenced the histone H3-H4 spacer region, as previously described, to confirm the identity of the undergo male meiosis, while other lineages like ciliated protozoans (including Tetrahymena) only undergo female meiosis. Each of these configurations is expected to differ in terms of their susceptibility to ''centromere-drive'' and its deleterious consequences Malik 2005; Malik and Bayes 2006; Malik and Henikoff 2009) various species we had obtained (Brunk et al. 1990; Sadler and Brunk 1992) . We used primers 5 0 -GCAAATGGC-TAGGAAAGCTTATTAACC-3 0 (CNA1 ATG forward) and 5 0 -TCATTTTTTAGTAGGGATAAATATACCTG-3 0 (CNA1 Ter reverse) in a Touchdown PCR (annealing temperature from 55 to 40 degrees dropping 1 degree per cycle, then 55 degrees for 35 cycles) to obtain almost the entire coding sequence of the CNA1 gene from 10 T. thermophila (kind gift of Dr. Paul Doerder) and 4 T. elliotti strains (from ATCC) for McDonald-Kreitman analysis. This combination of CNA1 ATG forward and CNA1 Ter reverse also worked for the two most closely related species to T. thermophila (T. borealis, T. elliotti). However, additional primers had to be designed for a broader panel of Tetrahymena species (e.g., T. pyriformis, T. vorax) using sequence homology among the CNA1 sequences that had already been obtained. Thus, reverse primers, 5'-GGTAACTCTTTTTG-CATGTAAAGC-3' (NCE0078) and 5'-GGTAACTCTTT-TAGCGTGTAAAGC-3' (NCE0086) in combination with CNA1 ATG forward, and forward primer 5'-TATGAAT-CAGCAAGAGATAAAGTAATTAG-3' (NCE0077) in combination with the CNA1 Ter reverse primer were used to obtain the CNA1 sequence in two amplicons. Despite this iterative strategy, we were unable to obtain sequences from Tetrahymena species that were very distantly related to T. thermophila (e.g., T. bergeri, T. corlissi, T. pigmentosa) likely due to the rapid divergence of the CNA1 nucleotide sequence in this clade. All sequences obtained have been deposited to Genbank under the accession numbers: HQ285826-HQ285837.
Phylogenetic and Evolutionary Analyses
To perform a McDonald-Kreitman test, 10 T. thermophila and 4 T. elliotti CNA1 sequences were aligned (using ClustalX), the number of nonsynonymous and synonymous changes were counted and tested for evidence of positive selection using Fisher's exact test in the DnaSP program (Librado and Rozas 2009 To further analyze the possibility of positive selection, we employed the PAML suite of programs (Yang 2007) . CNA1 sequences from multiple Tetrahymena species were aligned using ClustalX (Thompson et al. 1997 ) with manual refinement of gap positions. A phylogenetic tree was created, and bootstrapped using either the Neighbor-joining method (Saitou and Nei 1987) in ClustalX, or using maximum-likelihood methods and the PhyML program (Guindon and Gascuel 2003) . To identify diversifying selection, we required a significant difference in log likelihoods, by chi-squared testing, between nested PAML models M7 and M8. Model M7 allows codons to have dN/ dS values according to a beta distribution (two parameters). Model M8 is the same as M7 except that it adds a discrete category of dN/dS with values [1. We tested for significance of diversifying selection by comparing twice the difference in log likelihoods (2lnk) between M7 and M8 with two degrees of freedom. The genetic code was adjusted to the ciliate model where TAG and TAA both encode Glutamate (Q) instead of a termination codon (Horowitz and Gorovsky 1985) by setting the icode value to 5 in the PAML control file.
Sequences of centromeric histones from other lineages (Mammals-CENPA; Drosophila-Cid; and plants-HTR12) were obtained from Genbank (see Supplementary material Table S2 ). Lineage-based alignments were generated as described for CNA1, dS was calculated from the histone fold domain as a measure of divergence between sequences (Nei and Gojobori 1986) , and PAML tests for positive selection was performed as described above (except the icode value was set to 0).
Western Blotting and Immunofluorescence
Tetrahymena species cultures were grown to the mid-log phase in SPP media, along with Paramecium tetraurelia (kind gift of Dr. Jim Forney), and processed for western blotting with polyclonal Cna1p affinity-purified antibody (1:1,000 dilution) as previously described (Cervantes et al. 2006) . Immunofluorescence using Cna1p antibody (1:600 dilution) was performed with cells from Tetrahymena species as previously described for T. thermophila (Cervantes et al. 2006) .
Results and Discussion
Molecular Evolution of CNA1
We sequenced the CNA1 gene from 10 T. thermophila and four T. elliotti strains. We found only one non-synonymous polymorphism in T. thermophila, consistent with recent estimates of a highly reduced effective population size at least among sampled North American T. thermophila (Katz et al. 2006) , with high polymorphism levels being an exceptional finding in this species (Gerber et al. 2002) . In four strains of T. elliotti, we found six synonymous and three non-synonymous polymorphisms (intriguingly, the same position is polymorphic in both T. elliotti and T. thermophila). Using the McDonald-Kreitman test (McDonald and Kreitman 1991), we found that the ratio of non-synonymous to synonymous pooled polymorphisms (3:6) was not significantly different from the non-synonymous to synonymous divergence (20:60, P-value [0.69, Table 1 ). Owing to the limited sample number, we also performed a MKPRF test (Bustamante et al. 2002 ) which was also not significant. This suggests that no accelerated fixation of non-synonymous changes indicative of positive selection had taken place since the divergence of T. thermophila and T. elliotti.
The low level of polymorphisms in T. thermophila and T. elliotti may have reduced the power of the McDonald-Kreitman test. To address whether CNA1 had been subject to positive selection, we sequenced CNA1 from a broad panel of Tetrahymena species (Supplementary material Table S1 ). We obtained genomic DNA from these species and PCR amplified and sequenced the histone H3-H4 spacer region, as previously described, to confirm the identity of the various species we had obtained (Brunk et al. 1990; Sadler and Brunk 1992) . Next, we employed an iterative PCR approach (See Materials and Methods) to sequence the CNA1 locus from these Tetrahymena species. This strategy allowed us to obtain most of the CNA1 gene sequence from species as distantly related as-T. silvana, T. leucophrys, and T. mimbres. Despite multiple attempts with additional primers, we were unable to obtain CNA1 sequences from species more distant species. An amino acid alignment of the 13 CNA1 sequences is presented in Fig. 2a , and a maximum likelihood phylogeny based on CNA1 nucleotide sequences is presented in Fig. 2b . This phylogeny is largely congruent with the previous phylogenies of Tetrahymena species (Fig. 2c) , which were based on either histone H3-H4 spacer regions (Brunk et al. 1990 ) (Sadler and Brunk 1992) or ribosomal RNA sequences (Sogin et al. 1986 ). The only notable discordance in topology between the CNA1 and H3-H4 trees is the relative placement of the T. furgasoni triad of species (also including T. tropicalis and T. mobilis) relative to the T. thermophila triad. However, this part of the topology was not well resolved in the previous analysis (Fig. 2c) (Brunk et al. 1990; Sadler and Brunk 1992) ; the CNA1 analysis finds an unambiguously closer relationship (100% bootstrap support) between the T. thermophila and T. furgasoni triads, than to T. borealis. In general, there was a higher degree of resolution between closely related species in the CNA1 phylogeny, albeit a lower depth of coverage of the various Tetrahymena species, compared with previous analyses.
We were interested in determining whether there was any evidence of positive selection acting on our set of CNA1 sequences. In particular, our attention was drawn to regions of low conservation and apparently rapid evolution both in the N-terminal tail and the Loop1 regions (Fig. 2a) , that have been previously been found to evolve under positive selection in CenH3s from taxa that undergo both symmetric and asymmetric meioses: primates, plants (Brassicaceae), and Drosophila (Cooper and Henikoff 2004; Malik and Henikoff 2001; Schueler et al. 2010; Talbert et al. 2002) . However, these previous analyses were carried out in a dense taxonomic set with shallower evolutionary divergence compared with our Tetrahymena dataset. To address whether lower evolutionary divergence could affect signatures of positive selection acting on CenH3s, we assembled a deeper set of sequences from a clade of Mammals to expand the primate lineage, and a clade of Rosids (a subset of eudicot plants). A comparable analysis of Drosophila was not possible because of the presence of numerous N-terminal indels among CenH3 sequences of more diverged species than previously considered. Such divergence is consistent with adaptive evolution in this lineage, but hinders dN/dS analysis. The datasets of mammals and plants contained a sampling of species comparable to the divergence we observed in the Tetrahymena lineage, as judged by the rates of synonymous substitutions (dS) and overall tree length, and provided a better comparison of positive selection on CenH3 (Bustamante et al. 2002) . See Materials and Methods between clades (Fig. 3) . For both Mammals and Rosids, we found clear evidence for positive selection using PAML analysis (Table 2) , consistent with previous findings in more restricted phylogenetic samplings of primates and plants. However, our identification of individual sites evolving under positive selection differed slightly from previous analyses. We next carried out PAML analyses on the corresponding panel of 10 Tetrahymena species to assay whether positive selection had acted on CNA1 evolution. We found no evidence of positive selection on CNA1, because a ''NS site'' model that permitted codons to evolve under positive selection (M8) did not have a significantly different likelihood than a model disallowing positive selection (M7). Results from these analyses are shown in Table 2 . The N-terminal tails of CenH3s differ in size as well as evolutionary constraint, which may result from divergent lineage-specific pressures. However, the histone fold domain (HFD) of CenH3 has the same binding partners in centromeric nucleosomes (Black and Bassett 2008; Palmer et al. 1991) and is presumed to have similar structural constraints across taxa. It is therefore especially striking to observe a complete lack of positive selection in the histone fold domain of CNA1 in contrast to previous The arrowhead indicates where the tree would root in the context of more diverse species as shown in c. c A phylogenetic tree of Tetrahymena species based on the histone H3-H4 spacer region (adapted from Brunk et al. 1990 ). The asterisks (*) denote species that lack a germline micronucleus. àThe identification of this strain as T. rostrata has been challenged (Segade et al. 2009 ) J Mol Evol (2011 observations of CenH3s from animals and plants (Cooper and Henikoff 2004; Malik and Henikoff 2001) and in our own analysis of Mammals and Rosids ( centromeres of fission yeast (Schizosaccharomyces pombe) and other fungal species that only undergo male meiosis, where the CenH3-bound portion is only a few kilobases in length (Clarke et al. 1986; Song et al. 2008; Wood et al. 2002) . The lack of micronuclear genome assembly of Tetrahymena thermophila, coupled with the highly AT-rich and repetitive composition of micronuclear genomes have thus far precluded direct identification of their centromeres. Only a few regional centromeres have been characterized in detail in any genome to date (Schueler et al. 2001; Sun et al. 2003; Yan et al. 2008 ). However, several indirect observations suggest that micronuclear chromosomes in Tetrahymena are ''regional'' and ''complex''. First, cytological observations of Cna1p during meiosis and mitosis (Cervantes et al. 2006; Cui and Gorovsky 2006) are consistent with regional centromeres seen in human, Drosophila and Arabidopsis centromeres. Second, consistent with its presumed highly repetitive nature, centromeres are eliminated during the development of the somatic macronucleus (Cervantes et al. 2006; Cui and Gorovsky 2006) . Given the analogy of centromere organization, it is inevitable that, like in animal and plant genomes, ciliate centromeres compete during female meiosis. Direct confirmation of the quality of Tetrahymena centromeres might be revealed by chromatin immuno-precipitation with Cna1p antibody. The current evidence for complex centromeres in Tetrahymena and lack of positive selection on CNA1 leads to the second possibility for chromosome evolution, where the absence of male meiosis could leave centromere-drive largely unsuppressed. Since it is not possible to carry out a comparison of centromeric sequences from different Tetrahymena species, we compared karyotypic evolution in Tetrahymena using a polyclonal antibody raised to the first 18 amino acids of Cna1p from T. thermophila (thick bar in Fig. 2a ; (Cervantes et al. 2006) . Noting the high degree of amino acid conservation in this region, we performed Western analysis of protein lysates from a panel of Tetrahymena species, including some species more divergent than ones from which we had obtained CNA1 sequence.
We also included lysates from Paramecium tetraurelia, a more distantly related ciliated protozoan because analysis of its sequenced genome (Aury et al. 2006) suggested that its putative CenH3s have not preserved this amino acid stretch. Consistent with our expectations, we found that Western blots consistently identified bands at the expected size for Cna1p (Fig. 3a) in all tested Tetrahymena species, but not in P. tetaurelia. This finding demonstrates that all six amicronucleate species in our panel express Cna1p, despite a lack of meiosis. Moreover, evolutionary analysis of CNA1 from these amicronucleate species finds strong signs of purifying selection (Supplementary material Table  S3 ; Fig. S1 ), supporting the assertion that the loss of micronuclei among these species were recent events and validates the use of these species for comparisons of evolutionary rates. Expression of Cna1p in the Tetrahymena panel also suggested the utility of our antibody for comparative cytological analyses in other Tetrahymena species, to address whether substantive karyotypic changes were evident in this species group.
We used the Cna1p antibody to stain cells from a panel of Tetrahymena species and found clear differences in Cna1p immunoreactivity. Germline micronuclei of T. thermophila contain Cna1p immuno-reactive dots consistent with its five metacentric chromosomes arranged peripherally in interphase cells (Fig. 4b) (Cervantes et al. 2006; Cui and Gorovsky 2006) . For T. malaccensis, the species most closely related to T. thermophila (Fig. 2b, c) , the Cna1p signal appeared identical to T. thermophila. However, for T. elliotti, the next most closely related species (Fig. 2b) , we consistently observed only two Cna1p dots, suggesting a striking difference in karyotype (Fig. 4  middle panels) . It is formally possible that this difference could reflect the loss of germline chromosomes for this strain maintained extensively in cell culture without sexual reproduction. This can occur because Tetrahymena do not need their germline micronucleus for survival, only for meiosis and post-meiosis development. Our attempts at detecting a meiotic complement of T. elliotti chromosomes, by mating different strains, were not successful, although fertility of T. elliotti lab strains has been reported (Nanney and Simon 1999) . As expected, the amicronucleate species T. pyriformis showed no Cna1p signal above background reflecting an absence of micronuclear chromosomes with centromeres ( Fig. 4b ) despite expressing CNA1 (Fig. 4a) . T. pigmentosa, a distant relative of T. thermophila, displayed an extensive peripheral micronuclear Cna1p signal (Fig. 4b ). This pattern of immuofluorescence likely reflects an increase in chromosome number. Our cytological survey is more consistent with the rapid karyotypic evolution seen as a result of centromere drive, for instance in the mammalian lineage (Pardo-Manuel de Villena and Sapienza 2001a), than with the low rates of karyotypic evolution seen in lineages lacking female meiosis, including the sensu stricto species of Saccharomyces (Cardinali and Martini 1994) . Considering the lack of positive selection on CNA1, we hypothesize that the exclusively female meiosis in ciliates has resulted in unsuppressed centromere-drive in this lineage.
Conclusions
Testing what biological forces drive key evolutionary aspects of chromosome organization can be a daunting challenge. This is especially true when the underlying DNA sequences are themselves hard to characterize and manipulate. Centromeres and pericentric heterochromatin exemplify this challenge; they are often composed of repetitive satellite arrays that vary in size, sequence, and length of repeats. We have proposed that the study of proteins that bind such sequences can often provide a facile, surrogate means to investigate the evolution of such repetitive DNA (Vermaak et al. 2009 ). Centromeric histones have proven to be highly informative for the study of centromeric DNA since they are the fundamental unit of centromeric chromatin (Allshire and Karpen 2008; Black and Bassett 2008) . Indeed, the observation of positive selection acting on CenH3 genes in Drosophila and Arabidopsis allowed the proposal of the ''centromere-drive'' hypothesis in the first place Malik and Henikoff 2001; Talbert et al. 2002) .
Studying the evolutionary pressure on centromeric histones of Tetrahymena species allows us to consider the deleterious effects of ''centromere-drive'' and whether centromere complexity is always shaped by genetic conflict. Tetrahymena, like other ciliated protozoans, lack male meiosis, one of the processes that have been proposed to shoulder much of the cost of driving centromeres (Daniel 2002; Fishman and Saunders 2008; Henikoff et al. 2001; Malik 2009; Malik and Henikoff 2009 
T . t h e r m o p h i l a T . m a l e c c e n s i s T . e l l i o t t i T . m o b i l i s T . v o r a x T . p y r i f o r m i s T . h e g e w i s c h i T . p i g m e n t o s a P . t e t r a u r e l i a
Cna1p
T. malaccensis T. pyriformis CNA1 is not subject to positive selection, in contrast to taxa with both male and female meiosis, leads to the intriguing possibility that even though micronuclear centromeres are subject to centromere-drive in ciliates, this drive may be unsuppressed. Importantly, our findings also suggest that while mitosis and asymmetric (female) meiosis may be impacted by centromere-drive, defects in male meiosis appear to be the principal selective force favoring the evolution of suppressors. It is possible that other factors besides CNA1 are selected to suppress centromeric drive in ciliates since additional centromeric proteins have been shown to evolve under positive selection in both animals and plants (Schueler et al. 2010; Talbert et al. 2004 ). Because Cna1p is the only centromeric protein known in ciliates, it is not currently possible to test whether positive selection of other centromeric proteins has ''substituted'' for positive selection on CNA1 in ciliates; the identification of additional centromeric proteins like CENP-C would provide a useful comparison (Talbert et al. 2004 . However, CenH3 evolution provides an important litmus test for the suppression of centromere-drive because positive selection of CenH3s has been observed in every taxa considered so far with female and male meiosis. Thus, the absence of positive selection in CNA1 is especially noteworthy. Studying the selective pressures on CenH3 s in other taxa that also lack male meiosis will add further insight into centromere-drive and its consequences. As our present study demonstrates, naturally occurring taxonomic variation in meiosis provides one of the most powerful means available to decipher the central forces shaping centromeres and their binding partners in eukaryotic genomes.
